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Abstract
We report the measurement of differential cross sections for ω and η′ photoproduction from protons at
backward angles (−1.0 < cosΘXC.M < −0.8) using linearly polarized photons at Eγ =1.5− 3.0 GeV. Differ-
ential cross sections for ω mesons are larger than the predicted u-channel contribution in the energy range
2.0 ≤ √s ≤ 2.4 GeV. The differential cross sections for ω and η′ mesons become closer to the predicted
u-channel contribution at
√
s > 2.4 GeV. A bump structure in the
√
s dependence of the differential cross
sections for η′ mesons was observed at
√
s ∼2.35 GeV.
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Measurements of meson photoproduction provide a good tool to study nucleon resonances. Many nucleon
resonances have been identified from experimental and theoretical study of piN scattering and pi photopro-
duction. It is well known that a large number of resonances predicted by the constituent quark model remain
to be discovered (missing resonance problem)[1, 2]. Some of the missing resonances may not be observed
due to the weak coupling to the pion, but could be observed in the photo-production of other mesons.
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Among various channels, η and η′ photoproduction are of special interest since these mesons possess a large
component of ss¯. The interpretation of the large branching ratio of S11(1535)→ pη decay has been a topic
of a much discussion; it could be a dynamically-generated state or a conventional three quark state[3, 4, 5].
A systematic study of nucleon resonances with large couplings to η and η′ mesons will give important infor-
mation to solve this controversy. Recently, differential cross section and polarization variable of η, η′ and
ω mesons have been measured in experiments like CB-ELSA, GRAAL and CLAS with large acceptance
spectrometers[6, 7, 8, 9, 10, 11]. Evidence and indication of new resonances have been obtained from par-
tial wave analysis (PWA) of their results, although the list of resonances depends on models. There is a
significant contribution from nucleon resonances in the differential cross section of meson photoproduction
at large scattering angle (ΘXC.M ∼ pi/2) at
√
s ∼ 2 GeV.
At backward angles in the center of mass system, it is expected that the contribution from u-channel
exchange of Regge trajectories becomes significant. The differential cross section from the u-channel baryon
exchange is expected to behave following a power law of s. In general, the differential cross section from the
u-channel is much smaller than the one from the t-channel meson exchange. On the other hand, the angular
distribution of mesons from nucleon resonances could have a rapid change at forward and backward angles
when the nucleon resonances have high angular momenta. The contribution of nucleon resonances with
high angular momenta tends to be stronger at forward and backward angles than at intermediate angles.
Therefore, the differential cross section at backward angles is sensitive and a good tool to identify and search
for nucleon resonances with high angular momenta. A bump structure in the s dependence of differential
cross section at very backward angles has been observed at SPring-8/LEPS[14].
A new measurement was carried out at SPring-8/LEPS with a time projection chamber (TPC) surround-
ing the target in order to detect decay products of hadrons. Production of ω and η′ mesons was clearly
identified by detecting protons at the LEPS forward spectrometer and pions at the TPC. In comparison
with the previous LEPS experiment, background events of ω and η′ signals were reduced substantially by
using TPC [14]. In addition, Eγ was extended to 3.0 GeV. In this article, we report the differential cross
sections of ω and η′ photoproduction at backward angles (−1.0 < cosΘXC.M < −0.8) from protons in the
energy range Eγ = 1.5-3.0 GeV.
The experiment was carried out at the SPring-8/LEPS facility[15]. A linearly polarized photon beam
in the energy range from 1.5 to 3.0 GeV was produced by backward-Compton scattering (BCS) from the
head-on collision between laser photons and 8-GeV electrons in the storage ring. Both 355-nm and deep-UV
257-nm lasers were used to produce Compton-scattered photons in the range of 1.5 to 2.4 GeV and 1.5 to
3.0 GeV, respectively. The energy of a scattered photon was determined by measuring the recoil electron
from Compton scattering by a tagging counter. The energy resolution for the photon beam was about
15 MeV. We used a liquid hydrogen (LH2) target with a length of 15 cm and a diameter of 40 mm. The data
was accumulated with 0.6× 1012 photons from 1.5 to 2.4 GeV at the target with the 355-nm laser, and with
0.4 × 1012 photons from 1.5 to 3.0 GeV with the 257-nm laser, respectively[17]. Half of the data with the
355-nm laser (1.5-2.4 GeV) was taken with vertically polarized photons and the other half with horizontally
polarized photons. The data with the 257-nm laser (1.5-3.0 GeV) was taken only with vertically polarized
photons.
The LEPS forward spectrometer consisted of a dipole magnet, four multiwire drift chambers, a start
counter (SC) just downstream of the target, a silica-aerogel Cˇerenkov counter (AC), and a time-of-flight
(TOF) hodoscope placed downstream of the tracking detectors. In this measurement, one multiwire drift
chamber was used instead of a silicon-strip vertex detector, which was a different setup from previous LEPS
experiments. The angular coverage relative to the photon beam of the forward spectrometer was about
±0.25 rad and ±0.12 rad in the horizontal and vertical directions in the laboratory system, respectively. A
time projection chamber (TPC) surrounding the target was installed inside a solenoid magnet. The TPC
was different from the one used in the previous LEPS experiment to install the LH2 target[16]. The strength
of the magnetic field was 2 T. The TPC had an active volume of hexagonal cylinder shape with a side length
of 225 mm and a height of 750 mm. The TPC volume was filled with P10 gas (Ar:CH4 90%:10%). The TPC
had a hexagonal hole in the center with a side length of 69 mm to install the target. The azimuthal and
polar angular coverages of the TPC were 2pi and 0.35-2.25 rad in the laboratory system, respectively. The
signals from the TPC were read through rectangular cathode pads with a length of 56 mm and 150 mm.
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The typical spatial resolutions were 200-400 µm in the pad plane and 400-4000 µm in the beam direction
depending on the direction of charged tracks. Six scintillation counters surrounded the target inside the
TPC and twelve scintillation counters were placed outside of the TPC. The trigger in this experiment was
generated from the coincidence among the tagging counter, any 1 of 6 inner counters and any 1 of 12 outer
counters facing a hit inner counter. This trigger required at least one charged particle with pT ≥ 0.09 GeV/c
in the TPC acceptance. The trigger efficiency saturated at about 94% in the geometrical acceptance of the
scintillation counters.
Figure 1: (color online) (a) Correlation plot of mass squared and momentum of positive charged particles measured by the spec-
trometer. Dashed line shows boundary for proton identification. (b) Correlation plot of the energy deposition and momentum
for positive charged particles measured by the TPC. Dashed line shows boundary for pion identification.
The ω and η′ mesons were measured via the following reactions.
γp → pω → ppi+pi−pi0 (1)
γp → pη′ → ppi+pi−η (2)
Protons were measured by the LEPS forward spectrometer. Charged pions were detected in the TPC and pi0
or η mesons were identified by missing mass information to select reaction (1) and (2). It was required that
the number of reconstructed charged tracks in the TPC was one or two. The number of reconstructed electron
tracks in the tagging counter was required to be one. Protons were selected by the mass reconstructed from
momentum and TOF information within 4σ of the nominal value. The momentum of a proton was required
to be more than 0.7 GeV/c because ω and η′ mesons were produced only in this range. Figure 1(a) shows
the reconstructed mass square of positive charged particles as a function of momentum. Admixture of tracks
from particles misidentified as protons was estimated to be negligible (< 0.5%) and the momentum resolution
for proton tracks was about 1%. Pions were identified from the mean of the energy deposition (dE/dx) in
the TPC. Figure 1(b) shows measured dE/dx of positive charged particles as a function of momentum. The
dashed line in Fig. 1(b) shows the boundary for pion identification with >98% effeciency. The tracks with
dE/dX below the boundary line were identified as pions. Although the dE/dx cut for pion identification was
not tight, tracks from particles misidentified as pions were suppressed since a proton was already detected
in the forward spectrometer. The reconstructed tracks of pions had pT larger than ∼ 0.08 GeV/c because
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of the center hole in the TPC. The momentum resolution for tracks of the pions was 4%-25%, strongly
depending on momentum and polar angle of pions. A reaction vertex point was reconstructed as the closest
point between a track reconstructed in the spectrometer and a track in the TPC. The spatial resolution of
the reaction vertex along the z direction was 2.6 mm. Events produced from the target were selected by
a cut on the z coordinate of the reaction vertex. The effect of acceptance, efficiency and resolution of the
spectrometer and the TPC were evaluated using a Monte-Carlo simulation with the GEANT3 code[18].
The systematic uncertainty for the target thickness including the target shape, fluctuations of the tem-
perature, and pressure of the liquid hydrogen was estimated to be 2.0%. The systematic error of the photon
number normalization was estimated to be 3% for data with the 355-nm laser and to be 4% for data with the
257-nm laser, respectively. It includes fluctuation of proton yield per photon and transmission of the photon
beam. The systematic error of contamination from the events from the SC and the target cell was 1%. The
systematic uncertainty for the efficiency of the spectrometer was 4%, including geometrical acceptance (3%),
wire effeciency (1%), and proton identification effeciency (2%). The systematic uncertainty for the TPC
efficiency was 4%.
Figure 2(a) shows a missing mass spectrum for the γp → pX reaction (MM(p)), where the photon
energy is from 2.125 to 2.375 GeV and the scattering angle of protons is 0.90 < cosΘPC.M < 1.00. The
spectra of missing mass squared for the γp → ppi±X and γp → ppi+pi−X reactions (MM2(p, pi±) and
MM2(p, pi+, pi−)) are also shown in Fig. 2(b) and 2(c), respectively. The peaks of ρ/ω and η′ mesons
are observed in Fig. 2(a) and the peaks of η and pi0 mesons are not observed clearly due to the trigger
condition. Although the peak of ω mesons overlaps with the one of ρ mesons, ω mesons can be separated
from ρ meson by identification of the decay products. In Fig. 2(b) and 2(c), the peaks due to 2pi and 3pi
production are also seen. To reduce background events for ω and η′ production, selection cuts were applied for
MM2(p, pi+/−) andMM2(p, pi+, pi−). Figure 2(d) and 2(e) show theMM(p) distribution with the ω and the
η′ selection cuts, respectively. The ω selection cut was −0.15 < MM2(p, pi+, pi−) < 0.19 GeV2/c4 and 0.05 <
MM2(p, pi+/−) < 0.44 GeV2/c4. 0.24 < MM2(p, pi+, pi−) < 0.36 GeV2/c4 and 0.40 < MM2(p, pi+/−) <
0.72 GeV2/c4 were applied for the η′ selection cut. The background events for ω and η′ signals were reduced
drastically by applying the selection cuts. Figure 2(f) shows the MM(p) distribution with an inverse η′
selection cut. The condition for MM2(p, pi+, pi−) was reversed for the inverse cut ((MM2(p, pi+, pi−) <
0.24 GeV2/c4 or MM2(p, pi+, pi−) > 0.36 GeV2/c4) and 0.40 < MM2(p, pi+/−) < 0.72 GeV2/c4). This plot
was prepared for the demonstration of understanding of the background shape.
Yields of ω and η′ mesons were extracted via the MM(p) distribution with the ω and η′ selection
cut (Fig. 2(d)and 2(e)). Background events for ω and η′ signals consisted of several reactions. To eval-
uate these contributions, missing mass distributions of all reactions were prepared by using Monte-Carlo
simulation. The relative yield of the each reaction was determined by minimizing of the χ2 between the
superposition of the prepared distributions and the experimental data (a template fit). Events including
non-resonant pions (from 2 to 5) and one proton were generated in the free N-body space as background
components. Photoproductions of η, η′, ρ, ω, and φ mesons were also generated as known resonances. The
MM(p), MM2(p, pi±), and MM2(p, pi+, pi−) shapes of these components were obtained by using Monte-
Carlo simulation to take into account the detector response. The shape of MM(p) with a loose ω selection
cut (0.1 < MM2(p, pi±) < 0.4 GeV2/c4) was also prepared to determine to the ρ/ω ratio. The distributions
ofMM(p), MM2(p, pi±), MM2(p, pi+, pi−), andMM(p) with the loose ω selection cut were used as the con-
strain of the template fit simultaneously. Events were put in photon energy bins with an interval of 62.5 MeV
and proton scattering angle bins with a 0.05 cosΘPC.M interval. The template fit was performed for each bin
on the photon energy and on the scattering angle of proton. The reduced χ2 was 0.9 at minimum and 2.7
at maximum, depending on the angular and energy bins. The contribution of each reaction in the fitting is
shown in Fig. 2(a), 2(b), and 2(c), where the red solid lines represent the sum of all contributions and should
be compared with the experimental results. The MM(p) shapes with the ω and η′ selection cuts in each
reaction were also obtained. To determine the background shape, these were summed up according to the
relative yields in the fitting result, except the resonances corresponding to the selection cuts (ω or η′). The
normalization of the background was determined by template fits with the background and signal shapes for
the MM(p) distributions with the selection cuts. The obtained background and each component are shown
in Fig. 2(d), 2(e), and 2(f). In Fig. 2(d), 2(e), and 2(f) the light blue solid lines represent the determined
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background and the red solid lines represent the sum of all contributions. The sum of all contributions
reproduces the experimental results successfully, including the result with the inverse cut (Fig. 2(f)). The
yields of ω and η′ signals were extracted by the subtraction of the background. The yields were corrected by
the efficiency evaluated by the Monte-Carlo simulation to determine differential cross sections. The typical
efficiency of ω was 23% at −1.00 < cosΘωC.M < −0.95 and 9% at −0.85 < cosΘωC.M < −0.80, respectively.
The typical efficiency of η′ was 6% at −1.00 < cosΘωC.M < −0.80.
The systematic uncertainty for the trigger efficiency was 5% including the uncertainty of the efficiency
in the acceptance (3%) and the uncertainty caused by the acceptance of the trigger counters (4%). The
systematic uncertainty for the efficiency for the ω and η′ selection cut was estimated by applying loose
selection cut and by varying the cut boundary. It was determined to be 3%. The systematic uncertainty for
the background shapes was estimated by varying the fit conditions (without the 5pi reaction, reducing the fit
constrain, strategy of minimizing χ2, and the combination of these). It was determined to be 3% and 5% for
ω and η′, respectively. Since there was only the vertical polarization data in Eγ = 2.4− 3.0 GeV, the effect
of polarization on the efficiency was included in the systematic uncertainty for this energy range. The effect
on the efficiency was evaluated at the given beam asymmetry by the Monte-Carlo simulation. The beam
asymmetry in Eγ = 2.4 − 3.0 GeV was assumed be less than 0.1 from the measured beam asymmetry in
Eγ = 1.5−2.4 GeV. The systematic error for the effect of polarization was 2-7% depending on the scattering
angles.
Figure 3 shows the differential cross sections for ω production as a function of
√
s. Each panel shows the
result at the ω scattering angle bin ((a)∼(d) ) and the u interval bin ((e) and (f)). In −0.9 < cosΘωC.M <
−0.8, the results of CLAS are consistent with the present result, although results of SAPHIR and CLAS
are not consistent with each other[6, 19]. The differential cross section decreases as
√
s increases above√
s ∼2.3 GeV in all the scattering angle bins. The dashed lines in Fig. 3(e) and 3(f) represent the result of
a power law fit for the Daresbury results[12]. The smooth lines in Fig. 3 represent theoretical calculations
which do not include the contribution of nucleon resonances[21]. The parameters in these calculations
were tuned to reproduce the Daresbury result which had a kinematic range of Eγ = 2.8 − 4.8 GeV and
backward scattering. It almost reproduces the Daresbury results except the very steep s−8 dependence at
−0.2 < u < −0.1 GeV2. Since the differential cross section in the kinematic range of the Daresbury will
be determined by the u-channel process, the theoretical extrapolation to the LEPS energy range could be
interpreted as the u-channel contribution.
The LEPS result shows that the present
√
s dependence of dσ/dΩ is different from the theoretical
extrapolation and the power law behavior for
√
s ≤ 2.4 GeV. It implies that the present √s dependence is
difficult to explain by only the u-channel process, and that there is a significant contribution from nucleon
resonances via s-channel process in this energy range. The theoretical curve becomes consistent with the
LEPS and Daresbury result in
√
s ≥2.4 GeV. The √s dependence can be explained by only the u-channel
process in
√
s ≥2.4 GeV. To identify the possible nucleon resonances, we made a comparison between the
present results and the theoretical extrapolation. The present results show a broad excess of dσ/dΩ at
2≤ √s ≤2.4 GeV compared with the theoretical extrapolation at −0.95 < cosΘωC.M < −0.80. The result of
the Breit-Wigner fit for the excess depends on the ω scattering angle: its peak and width are 2.25±0.04 GeV
and 0.25∼0.55 GeV, respectively. The possible candidates are the G17(2190), H19(2220), and G19(2250), all
of which have all 4-star states [1]. Since all of these candidates have high angular momentum, the angular
distributions of these resonance decays could have rapid changes at backward angles. It could account for the
excess, which becomes smaller at the most backward scattering angle bin. The coupling of the G17(2190) to
pω decay is supported by the PWA of γp→ pω at CLAS[1, 20]. There are no reports for other candidates in
the γp→ pω reaction. The difference between the present data and the theoretical curve can be interpreted
as an influence of the G17(2190). However, this interpretation still does not explain the dip structure at
2≤ √s ≤2.1 GeV and −1.00 < cosΘωC.M < −0.95. The present results may require more than just the
G17(2190). It is useful for the identification of nucleon resonances with high angler momentum to include
very backward angles in the PWA. It is worth mentioning that the very steep s dependence of ω dσ/du at
u ∼ −0.15 GeV2, seen in the Daresbury data, are not observed in the LEPS energy range[12].
Figure 4 shows the differential cross sections for η′ production as a function of
√
s. Each panel shows
the result at the certain η′ scattering angle bin. Theoretical calculations are also shown in Fig. 4. These
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calculations are tuned to reproduce the experimental results in a wide kinematic range except for the very
forward and the backward angles[24, 25]. The dotted lines in Fig. 4 show the u-channel contribution in the
theoretical calculation by F. Huang[25]. It should be mentioned that the theoretical u-channel contribution
at
√
s > 2.35 GeV is just an extrapolation. The NNη′ coupling constant gNNη′ in this calculation was
assumed to be 1.0. While the best fit value for gNNη′ depends on assumed resonances and parameters of
the resonances, gNNη′ was evaluated to be less than 2 by considering the extreme case[24]. If we compare
the present result with the u-channel contribution at
√
s > 2.4 GeV, gNNη′ = 1 seems to be a reasonable
assumption. The dominant contribution at backward angles is from nucleon resonances at
√
s < 2.10 GeV
and the
√
s ∼ 2.35 GeV region according to the comparison between the LEPS result and the u-channel
contribution. The LEPS result of η′ shows an excess in dσ/dΩ at
√
s ∼2.35 GeV compared with the
expected u-channel contribution. This structure appears clearer in the most backward scattering angle bin,
−1.0 < cosΘη′C.M < −0.90. If the bump structure is also due to nucleon resonance, the corresponding
resonance might have high angular momentum and a large branching ratio to η′.
Three nucleon resonances, the S11(1535), P13(1720), and D15(2070), are suggested to have large branching
ratio to η and/or η′, but this depends on the model[22, 23]. It is proposed that these resonances have the
same quantum numbers except for the orbital angular momentum[22]. According to this scenario, the fourth
resonance with the strong coupling to η and/or η′ may be a F17 with a mass at around 2.3 GeV by the
estimation from Regge trajectory. There is a possibility that the observed bump structure is due to the F17
resonances. However, measurements including a wide kinematic range are necessary to explain the presence
of the bump structure at backward angles.
In summary, the ω and η′ photoproduction from protons at backward angle has been measured at Eγ
= 1.5− 3.0 GeV at the SPring-8/LEPS facility. The ω and η′ mesons were identified by detecting forward
scattered protons in the spectrometer and detecting pions from meson decay in the TPC surrounding the
target. Background events for the ω and η′ signals were reduced substantially in comparison with the
previous LEPS experiments by using a TPC. The differential cross sections for ω mesons are larger than
the expected u-channel contribution in the range 2.0 ≤ √s ≤ 2.4 GeV. Although a contribution from the
G17(2190) resonance is a possible explanation for this excess in the ω differential cross sections, a PWA
including the present data is important to identify the possible resonances. A bump structure in the
√
s
dependence of the differential cross sections for η′ mesons was observed at
√
s ∼2.35 GeV. Measurements
with a large acceptance is necessary to interpret the bump structure in the η′ differential cross sections.
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Figure 2: (color online) Missing mass spectra for events with 2.125 < Eγ < 2.375 GeV and 0.90 < cos ΘPC.M < 1.0. Circle
points represent the experimental result. Red solid lines represent sum of all contributions. Light blue lines represent sum of
contributions without ω and η′ contribution for panel (d) and (e), respectively. Blue dashed, dashed spaced, dotted and chain
lines represent non-resonant 2, 3, 4, and 5 pi production, respectively. Magenta, green, black and yellow lines represent ω, ρ,
η′ and φ, respectively. (a) MM(p) (b) MM2(p, pi±X) (c) MM2(p, pi+, pi−) (d) MM(p) with the ω selection cut (e) MM(p)
with the η′ selection cut. (f) MM(p) with the inverse η′ selection cut.
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Figure 3: (color online) Differential cross sections for ω photoproduction as a function of
√
s. The black circles are the present
results. Shaded bars represent systematic uncertainty. The red triangles, blue squares and blue stars are the experimental
results from SAPHIR, CLAS and Daresbury, respectively[6, 19, 12]. Smooth lines represent theoretical calculation and dashed
lines represent the result of a power law fit for the Daresbury results[21].
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Figure 4: (color online) Differential cross sections for η′ photoproduction a function of
√
s. Shaded bars represent systematic
uncertainty. The black circles are the present results. Smooth lines and dashed lines represent the theoretical calculation by
K. Nakayama[24] and F. Huang[25], respectively. Dotted lines represent u-channel contribution in F. Huang[25].
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